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Abstract

Lung inflammation plays a key role in the pathogenesis of
bronchopulmonary dysplasia (BPD), a chronic lung disease of
premature infants. The challenge in BPDmanagement is the lack
of effective and safe antiinflammatory agents. Leukadherin-1 (LA1) is
a novel agonist of the leukocyte surface integrin CD11b/CD18 that
enhances leukocyte adhesion to ligands and vascular endothelium
and thus reduces leukocyte transendothelial migration and influx to
the injury sites. Its functional significance in preventing hyperoxia-
induced neonatal lung injury is unknown. We tested the hypothesis
that administration of LA1 is beneficial in preventing hyperoxia-
induced neonatal lung injury, an experimental model of BPD.
Newborn rats were exposed to normoxia (21% O2) or hyperoxia
(85%O2) and received twice-daily intraperitoneal injection of LA1 or
placebo for 14days.Hyperoxia exposure in the presence of the placebo
resulted in a drastic increase in the influx of neutrophils and
macrophages into the alveolar airspaces. This increased leukocyte
influx was accompanied by decreased alveolarization and
angiogenesis and increased pulmonary vascular remodeling and
pulmonary hypertension (PH), the pathological hallmarks of
BPD. However, administration of LA1 decreased macrophage
infiltration in the lungs during hyperoxia. Furthermore,

treatment with LA1 improved alveolarization and angiogenesis
and decreased pulmonary vascular remodeling and PH. These
data indicate that leukocyte recruitment plays an important role
in the experimental model of BPD induced by hyperoxia.
Targeting leukocyte trafficking using LA1, an integrin agonist, is
beneficial in preventing lung inflammation and protecting
alveolar and vascular structures during hyperoxia. Thus,
targeting integrin-mediated leukocyte recruitment and
inflammation may provide a novel strategy in preventing and
treating BPD in preterm infants.
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Clinical Relevance

This work demonstrates that treatment with leukadherin-1
(LA1), a leukocyte surface integrin agonist that enhances
leukocyte adhesion and decreases leukocyte influx, protects
against hyperoxia-induced neonatal lung injury. These findings
suggest that LA1 may offer a novel therapeutic strategy to
alleviate bronchopulmonary dysplasia in neonates.

Bronchopulmonary dysplasia (BPD) is
a significant global health problem that
affects preterm infants (1, 2). Over the
past four decades, the incidence of this
disease has significantly increased as
a result of the improved survival of

extremely premature infants. BPD is
a multifactorial disease that is
characterized by chronic impairment
of alveolar structure and pulmonary
function (1). At later stages, BPD is often
complicated by pulmonary hypertension

(PH), and this significantly increases
morbidity and mortality (3, 4). Despite
recent advances in neonatal care, the
pathogenesis of BPD is still poorly
understood, and there is no effective
therapy.
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Inflammatory injury triggered by
prenatal and postnatal infections, oxygen
toxicity, and/or mechanical ventilation
is recognized as central to the pathogenesis
of BPD (5–9). The cellular inflammatory
response observed in clinical and
experimental BPD is dominated by an
influx of neutrophils and macrophages into
the lung (5, 10–12). Inflammation in the
immature lung can disrupt distal lung
development, leading to decreased alveolar
septation and vascular growth. Excessive
tissue and vascular remodeling in response
to chronic inflammation can lead to
parenchymal thickening, pulmonary
vascular wall hypertrophy, and PH. To
date, corticosteroids are the only
antiinflammatory agents used to treat BPD.
However, their modest effectiveness is
accompanied by severe side effects on
neurodevelopment and alveolar growth;
therefore, their usage is limited in
premature infants (13–15).

Integrins have essential roles in
promoting immune cell recruitment to
inflamed tissues and have attracted much
interest as potential therapeutic targets
(16–18). The integrins CD11b/CD18 are
more restricted antigens normally
expressed on monocytes, macrophages,
polymorphic neutrophils (PMNs), and
natural killer cells (16–19). They are the key
receptors that mediate leukocyte adhesion,
transendothelial migration, and influx
into the injury sites. Leukadherin-1 (LA1) is
a newly developed small-molecule agonist
of CD11b/CD18 that contains a core
furanyl thiazolidinone chemical structure
motif (20, 21). LA1 enhances CD11b/
CD18-dependent cell adhesion to its
ligands, such as ICAM-1, and thus reduces
leukocyte transendothelial migration and
recruitment (20, 21). LAI has been shown
to reduce leukocyte migration, tissue
accumulation, and inflammatory injury in
experimental models of vascular injury and
nephritis (21, 22). However, it is unknown
whether LA1 has therapeutic potential in
experimental BPD.

Hyperoxia-induced lung injury in
neonatal rodents is widely used as an
experimental model for BPD (23–25).
We have previously shown that chronic
hyperoxia exposure induces inflammatory
response, disrupts normal lung
development process, and triggers a cascade
of dysregulated reparative pathways that
result in alveolar simplification, decreased
pulmonary vascular development,

pulmonary vascular remodeling, and PH
(26–28). In this study, we used a newborn
rat model to test our hypothesis that LA1
prevents hyperoxia-induced BPD-like
pathology by blunting leukocyte influx
into the lung. Our results demonstrate
that administration of LA1 decreased
hyperoxia-induced influx of macrophages
into the lung, preserved alveolar and
vascular development, and reduced
pulmonary vascular remodeling. Thus,
targeting integrin-mediated leukocyte
recruitment and inflammation may
provide a novel strategy in preventing
and treating BPD in preterm infants.

Materials and Methods

Animal Model and Experimental
Protocol
The study protocol was approved by the
University of Miami Institutional Animal
Care and Use Committee. Newborn Sprague
Dawley rat pups (n = 12 per group) were
randomized on Postnatal Day 2 into four
groups: normoxia (21% O2) plus placebo,
normoxia plus LA1, hyperoxia (85% O2)
plus placebo, and hyperoxia plus LA1
(provided by V. Gupta) (21). Rat pups
received LA1 (1 mg/kg, mixed in 2%
DMSO) or placebo (2% DMSO) (equal
volume) twice daily by intraperitoneal
injection for 14 days. Pups were killed on
Postnatal Day 15 for analyses.

White Blood Cell Count and
Differential
Blood was collected via right ventricle
puncture, and white blood cell (WBC) count
and differential were performed.

Assessment of Lung Inflammation
Bronchoalveolar lavage (BAL) and
differential cell count were performed
as previously described (27, 29).
Macrophage infiltration into alveolar
airspaces was assessed by performing
immunostaining with an antibody for
Mac3 (a macrophage-specific marker) on
lung tissue sections. The number of
Mac3-positive cells in the alveolar
airspaces was counted as described
previously (27, 29). ELISA was used to
measure the concentrations of monocyte
chemoattractant protein-1 (MCP-1) (Life
Technologies, Grand Island, NY) and
TNF-a (R&D, Minneapolis, MN) in
lung homogenates.

Lung Histology and Morphometry
Lungs were infused with 4%
paraformaldehyde via a tracheal catheter
at 20 cm H2O of pressure for 5 minutes,
fixed overnight, and paraffin embedded.
Hematoxylin and eosin–stained
tissue sections were used to determine
radial alveolar count (RAC) and mean
linear intercept as previously described
(27, 29).

Immunostaining and Double
Immunofluorescence Staining
Immunostaining and double
immunofluorescence staining were
performed as previously described (27, 29).

Pulmonary Vascular Morphometry
Pulmonary vascular density was
determined by the average number of von
Willebrand factor (vWF)-stained vessels
(,50 mm in diameter) from 10 random
images on each lung section (26–29).
Vascular endothelial growth factor
(VEGF) expression was quantified by
Western blot analysis (29).

Assessment of Pulmonary Vascular
Remodeling
Double immunofluorescence staining for
a-SMA and vWF was performed. Twenty
peripheral pulmonary vessels (,50 mm in
diameter) were assessed for medial wall
thickness (MWT) and the extension
of muscularization (.50% of vessel
circumference) as previously described
(27, 29).

Assessment of PH
Right ventricular systolic pressure (RVSP)
and right ventricle (RV) to left ventricle
(LV) plus septum weight ratios (RV/LV1S)
were determined as indices for PH (27, 29).
For RVSP measurement, a 25-gauge
needle fitted to a pressure transducer was
inserted into the RV. Pressure levels were
recorded on a Gould polygraph. Afterward,
hearts were dissected for RV free wall
separation from LV1S for RV/LV1S
weight ratio assessment.

Western Blot Analysis
Total protein was extracted from frozen
lung tissues with a RIPA buffer according to
the manufacturer’s protocol (Santa Cruz,
Dallas, TX). Western blot analysis was
performed to assess VEGF, connective
tissue growth factor (CTGF), and Wnt1-
inducible signaling protein-1 (WISP-1)
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in lung homogenates as previously
described (29).

Statistical Analysis
Data were expressed as means6 SD and
analyzed by one-way ANOVA followed by
Student-Newman Keuls test. A P value of
,0.05 was considered significant.

Results

LA1 Decreases Lung Inflammation
during Hyperoxia
Lung inflammation was first assessed by
BAL and cell count. Total cell counts and
macrophages in BAL were significantly
elevated in placebo-treated, hyperoxia-
exposed rats as compared with the
normoxia1 placebo group (Figures 1A and
1B). Treatment with LA1 significantly
reduced both total cell and macrophage
counts during hyperoxia exposure (Figures
1A and 1B). Similarly, the neutrophil
counts in BAL were significantly increased
in placebo-treated and hyperoxia-exposed
rats as compared with normoxia-exposed
rats (19,794.46 21,787.4 versus 1.46 1.5,
hyperoxia versus normoxia; P, 0.029).
Administration of LA1 did not significantly
decrease neutrophil counts in BAL during
hyperoxia exposure (data not shown).

We next assessed macrophage
infiltration into the alveolar airspaces by
immunostaining with a Mac3 antibody
on lung tissue sections (Figure 1C). The
macrophage counts were significantly
increased in the placebo-treated hyperoxia
group (Figure 1D). Treatment with LA1
significantly decreased the macrophage
counts in alveolar airspaces during
hyperoxia exposure (Figure 1D).

To further examine inflammatory
response, we analyzed MCP-1 and TNF-a
concentrations in lung homogenates.
Hyperoxia exposure significantly increased
MCP-1 in placebo-treated lungs
(Figure 1E). However, treatment with
LA1 decreased MCP-1 concentration in
hyperoxia-exposed rats (Figure 1E). The
concentration of TNF-a was below the
detectable range in all four groups (data not
shown).

To determine whether LA1 has an
effect on circulating immune cells, we
collected blood and measured WBC count
and differential. Hyperoxia exposure
increased total WBC count in the placebo-
treated group as compared with normoxic

groups (Figure 1F). Treatment with LA1
did not cause any significant changes in
WBC count under hyperoxic or normoxic
conditions (Figure 1F). Similarly to total
WBC count, hyperoxia exposure in
the presence of the placebo increased

neutrophil and monocyte counts as
compared with normoxic lungs (neutrophil:
152.256 67.67 versus 52.406 21.34,
hyperoxia1 placebo versus normoxia1
placebo, P, 0.05; monocytes: 558.756
55.83 versus 234.006 50.45, hyperoxia1
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Figure 1. Administration of leukadherin-1 (LA1) decreases leukocyte influx into the lung and monocyte
chemoattractant protein-1 (MCP-1) expression. Total cell counts (A) and macrophage counts (B) in
bronchoalveolar lavage (BAL) were increased in hyperoxia- and placebo-exposed animals. However,
these were significantly decreased by treatment with LA1. Immunostaining for Mac3 was performed
on lung tissue sections (C), and the average numbers of macrophages in alveolar airspaces were
determined from 10 random images taken under the high-power view on each lung section (D). There
was an increased macrophage count in the placebo-treated hyperoxia group, but this number was
drastically decreased upon treatment with LA1. (E) MCP-1 in lung homogenates was increased in the
hyperoxia1 placebo group, but it was decreased by treatment with LA1. (F) White blood cells (WBCs)
were counted in peripheral blood. Hyperoxia exposure significantly increased WBC count in both the
placebo and LA1-treated groups as compared with normoxic groups. Scale bar: 50 mm (n = 4 to 5 per
group). **P, 0.01 and ***P, 0.001 compared with normoxic groups; ††P, 0.01 and †††P, 0.001
compared with the hyperoxia1 placebo group.
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placebo versus normoxia1 placebo, P,
0.001). Although administration of LA1 did
not affect neutrophil or monocyte counts
under hyperoxia (neutrophil: 200.806
150.6 versus 152.256 67.67, hyperoxia1
LA1 versus hyperoxia1 placebo, P = 0.57;
monocyte: 664.406 388.23 versus
558.756 55.83, hyperoxia1 LA1 versus
hyperoxia1 placebo, P = 0.61) or normoxia
(neutrophil: 39.206 21.72 versus 52.406
21.33, normoxia1 LA1 versus normoxia1
placebo; monocyte: 162.206 79.47 versus
234.006 50.44, normoxia1 LA1 versus
normoxia1 placebo, P = 0.13).

LA1 Improves Alveolarization in
Hyperoxia-Exposed Animals
On histological examination, lungs from
placebo-treated and hyperoxia-exposed
animals displayed impairment of
alveolarization as demonstrated by fewer,
larger, and simplified alveoli (Figure 2A).
Treatment with LA1 in hyperoxia-exposed
rats improved alveolar structure that
appeared similar to the normoxic lungs
(Figure 2A). On morphometric assessment,
there was a significant decrease in RAC in
placebo-treated animals that were exposed
to hyperoxia (6.846 1.1 versus 13.86 1.6,
hyperoxia1 placebo versus normoxia1
placebo; P, 0.001). However, treatment
with LA1 during hyperoxia significantly
increased RAC (11.466 0.7 versus 6.846
1.1, hyperoxia1 LA1 versus hyperoxia1
placebo; P, 0.001) (Figure 2B). Mean
linear intercept was significantly increased
in hyperoxia1 placebo lungs and decreased
in hyperoxia1 LA1 lungs (Figure 2C).

Treatment with LA1 Improves
Pulmonary Vascular Development
during Hyperoxia
To determine the effects of LA1 on
pulmonary vascular development, we
performed immunofluorescence for vWF on
lung tissue sections and quantified vascular
density (Figure 3A). The vascular density
was significantly decreased in the placebo-
treated hyperoxia group compared with
the normoxia group (3.426 0.43 versus
8.086 0.82, hyperoxia1 placebo
versus normoxia1 placebo; P, 0.001).
Administration of LA1 to hyperoxia-
exposed animals modestly increased
vascular density (4.806 0.86 versus 3.426
0.43, hyperoxia1 LA1 versus hyperoxia1
placebo; P, 0.05) (Figure 3B).

Because VEGF is one of the most
important angiogenic factors, we assessed

the effects of LA1 on VEGF expression. As
illustrated in Figures 3C and 3D, VEGF
expression was decreased in hyperoxia1
placebo lungs. Treatment with LA1
significantly increased VEGF expression as
compared with placebo during hyperoxia.

LA1 Decreases Pulmonary Vascular
Remodeling
To determine the effects of LA1 on
pulmonary vascular remodeling, double

immunofluorescence for vWF and a-SMA
was performed (Figure 4A). The percentage
of muscularized peripheral pulmonary
arterioles (.50% of vessel circumference)
was measured. Hyperoxia-exposed rats
treated with the placebo had significantly
increased muscularized peripheral
pulmonary arterioles compared with
normoxia-exposed rats (84.96 14.9 versus
26.46 5.2, hyperoxia1 placebo versus
normoxia1 placebo; P, 0.001)
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Figure 2. Treatment with LA1 improves alveolar development. (A) On histological examination, lungs
from placebo-treated and hyperoxia-exposed rats displayed an impairment of alveolarization with
fewer, larger, and simplified alveoli. Treatment with LA1 improved alveolar structures that appeared
similar to the normoxic lungs. On morphometric assessment, placebo-treated animals exposed to
hyperoxia showed a decrease in radial alveolar count (RAC) (B) and increased mean linear intercept
(MLI) (C) as compared with normoxic animals. Administration of LA1 during hyperoxia significantly
increased RAC and decreased MLI. Scale bar: 100 mm (n = 5 per group). ***P, 0.001 compared with
normoxic groups; ††P, 0.01 and †††P, 0.001 compared with the hyperoxia1 placebo group.
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(Figure 4B). In hyperoxia-exposed rats,
treatment with LA1 significantly decreased
vascular remodeling, as evident by
decreased the percentage of muscularized
peripheral pulmonary arterioles (41.66
18.5 versus 84.96 14.9, hyperoxia1 LA1
versus hyperoxia1 placebo; P, 0.001)
(Figure 4B).

We also assessed MWT of peripheral
pulmonary arterioles (,50 mm in diameter)
and found that hyperoxia exposure
significantly increased MWT in placebo-
treated rats compared with normoxic
rats (50.006 4.57 versus 35.006 6.72,
hyperoxia1 placebo versus normoxia1
placebo; P, 0.001). Treatment with LA1
significantly decreased MWT of peripheral
pulmonary arterioles during hyperoxia

exposure (40.006 4.57 versus 50.006 2.92,
hyperoxia1 LA1 versus hyperoxia1
placebo; P, 0.01) (Figures 4C and 4D).

We further explored the effects of LA1
on the expression of growth factors that
are known to be involved in vascular
remodeling and lung fibrosis, such as CTGF
and WISP-1. Hyperoxia exposure increased
CTGF and WISP-1 expression, whereas
treatment with LA1 significantly decreased
WISP-1 expression (Figures 4E and 4F)
but did not affect CTGF expression (data
not shown).

Effects of LA1 on Hyperoxia-Induced
PH
The weight ratio of RV/LV1S, an index of
right ventricular hypertrophy (RVH) and

RVSP, was assessed to evaluate the effects
of LA1 on PH. In hyperoxia-exposed
rats, RVH was significantly increased
when compared with the normoxia
group (0.576 0.06 versus 0.376 0.02,
hyperoxia1 placebo versus normoxia1
placebo; P, 0.01) (Figure 5A). Treatment
with LA1 significantly decreased RVH
in the hyperoxia-exposed group when
compared with placebo (0.426 0.01
versus 0.576 0.06, hyperoxia1 LA1
versus hyperoxia1 placebo; P, 0.05)
(Figure 5A). RVSP was significantly
elevated in hyperoxia- and placebo-exposed
rats compared with the normoxia groups.
Although there was a slight decrease in
RVSP in LA1-treated hyperoxic rats as
compared with the placebo-treated
hyperoxia group, this decrease did not
reach statistical significance.

Discussion

This study demonstrates that LA1, a novel
CD11b/CD18 agonist, prevents hyperoxia-
induced leukocyte infiltration, which
leads to improved alveolar development and
vascularization and reduced pulmonary
vascular remodeling in neonatal rats. To the
best of our knowledge, this is the first report
on the therapeutic efficacy of LA1 in
hyperoxia-induced neonatal lung injury.
Given that oxygen toxicity and
inflammation play key roles in the
pathogenesis of BPD, our study highlights
that leukocyte integrin agonists may be used
as a novel strategy to alleviate lung
inflammation and preserve alveolar and
vascular development in neonates at risk
for BPD.

BPD continues to be one of the
most common long-term pulmonary
complications associated with preterm
birth, causing significant morbidity and
mortality (1, 2). The new “BPD” is
recognized as a developmental arrest of
the immature lung in response to the
inflammatory process generated by prenatal
or postnatal infections, oxygen toxicity,
and/or mechanical ventilation (30–32). It
is well known that inflammation is
predominantly mediated by leukocytes and
their influx into the site of injury (5, 33, 34).
Clinical studies have demonstrated the
presence of increased neutrophils, activated
macrophages, and high concentrations
of inflammatory mediators in tracheal
aspirates from preterm infants who
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subsequently developed BPD (5, 35, 36).
Leukocyte trafficking persists in infants
who developed chronic lung disease,
and increased CD11b/CD18-expressing

neutrophils were seen in infants with
chronic lung disease versus no disease (37).
Animal models further support the key role
of inflammation in the pathogenesis of

BPD. In experimental models of BPD
induced by endotoxin, hyperoxia, or
mechanical ventilation, an influx of
neutrophils and macrophages is uniformly
seen in the acute phase of inflammatory
injury (11, 27, 38). These cells produce
proinflammatory cytokines, proteases,
and reactive oxygen species that can
subsequently cause alveolar epithelial and
endothelial cell injury and apoptosis.
Persistent inflammation can disrupt
alveolar and vascular development and
induce tissue remodeling and fibrosis that
ultimately result in chronic alterations
of alveolar structure and lung function.

The challenge in BPD management
is the lack of effective and safe
antiinflammatory agents. Corticosteroids,
in particular dexamethasone, as
antiinflammatory agents were commonly
used in the prevention and treatment of
BPD. Concerns about their long-term side
effects on growth and neurodevelopment
have limited their systemic use to extremely
high-risk populations with cautions on the
dose and length of therapy (13–15). Taking
a fresh approach, this study assessed the
effects of LA1, a novel small molecule
agonist of CD11b/CD18, on preventing
hyperoxia-induced lung injury in neonatal
rats. Neutrophils, macrophages, monocytes,
and natural killer cells bear CD11b/CD18
integrins on their cell surface in an inactive
form (16–19). b2 Integrins, such as CD11b/
CD18, play a key role in leukocyte adhesion
and transendothelial migration. A series
of in vitro experiments has demonstrated
that LA1 activates CD11b/CD18, enhances
leukocyte adhesion to ligands, and
decreasess leukocyte transendothelial cell
migration (20, 21). Recent in vivo studies
showed that LA1 has a clear therapeutic
advantage over CD11b/CD18 antibodies
in reducing the influx of macrophage into
injured vessels (22). We showed that
administration of LA1 significantly
decreased hyperoxia-induced influx of
macrophages into the lung at the end
of 14 days of exposure to hyperoxia.
Furthermore, LA1 treatment decreased
MCP-1 production in hyperoxia-exposed
lungs. Previous studies have showed that
treatment with antibodies against cytokine-
induced neutrophil chemoattractant-1 and
macrophage inflammatory protein-2
reduced the PMN count in BAL in
hyperoxia-exposed newborn rats (39, 40).
Also in hyperoxia-exposed newborn rats,
anti–MCP-1 antibody therapy effectively
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reduced PMN and macrophage infiltration
and reduced protein oxidation (41). Taken
together, these data indicate that targeting
leukocyte adhesion and trafficking is
effective in preventing hyperoxia-induced
leukocyte infiltration in the neonatal lung.
In contrast to these previous studies, we
also assessed how hyperoxia and LA1
affect the circulating immune cell response.
Our results demonstrated that hyperoxia
significantly increased total WBC,
neutrophil, and monocyte counts in the
presence or absence of LA1. Furthermore,
treatment with LA1 does not affect these
cell counts under normoxic conditions.
These are important findings that highlight
the potential of LA1 as a future
antiinflammatory agent in clinical
applications.

We demonstrated in this study that
treatment with LA1 is not only effective
in preventing hyperoxia-induced lung
inflammation; it is also beneficial in
preventing hyperoxia-induced alveolar
structural damage. LA1 administration
improved alveolarization during hyperoxia
exposure. Alveolar development and
angiogenesis in lung go hand in hand, and
impairment of alveolarization has a negative
effect on angiogenesis and vice versa (3).
In our study we saw improved vascular
density along with alveolarization in LA1-
treated hyperoxic rats. We speculate that
the protective effects of LA1 on alveolar
and vascular development are secondary to
its antiinflammatory property because there
is no known direct effect of LA1 on cell
growth, survival, and apoptosis. There are
increasing reports on the beneficial effects

of novel antiinflammatory therapies
on preserving alveolar structure in
experimental BPD. Treatment with
cytokine-induced neutrophil
chemoattractant-1 and macrophage
inflammatory protein-2 antibody preserved
alveolar volume and surface density (39,
40). Nold and colleagues have recently
shown that IL-1 receptor antagonist
increased alveolar number, decreased
alveolar size, and increased the alveolar
surface area to volume ratio in perinatal
inflammation and postnatal hyperoxia-
induced murine BPD (38). Multiple
studies have investigated the effects of
mesenchymal stem cell therapy in the
prevention and treatment of hyperoxia-
induced rodent models of BPD. These
studies have all demonstrated that stem cell
therapy is beneficial in improving alveolar
and vascular development during hyperoxia
(42–44). Although the exact mechanisms
remain to be fully understood, the
protective effects of stem cell therapy
were correlated with the prevention of
neutrophil and macrophage infiltration (43,
44). It is suggested that these beneficial
effects on alveolar structure may be caused
by the immunomodulatory proteins
produced by stem cells because the culture
medium has similar effects. Nevertheless,
our results further support the notion
that targeting inflammatory responses is
key in preserving alveolar and vascular
development in the immature lung.

The development of PH remains
a significant cause of morbidity and
mortality in infants with severe BPD. In
both clinical and hyperoxia-induced rodent

models of BPD, PH is characterized by
significant RVH and elevation of RVSP. The
PH may be caused by decreased pulmonary
vasculature, which limits vascular surface
area, leading to elevation of pulmonary
vascular resistance (4). The excessive
pulmonary vascular remodeling may
further contribute to high pulmonary
vascular resistance through narrowing of
the vessel diameter and decreased vascular
compliance (4). We showed in this study
that treatment with LA1 resulted in
a significant decrease in RVH and a trend
toward a decrease in RVSP. LA1
administration modestly increased vascular
density and significantly decreased
pulmonary vascular remodeling, as
demonstrated by reduced muscularization
of peripheral pulmonary vessels during
hyperoxia. These histological changes were
associated with increased VEGF expression
and decreased WISP-1 expression. VEGF
is an important angiogenic factor in lung
development and injury repair. It is mainly
produced by alveolar type II epithelial
cells and acts on its receptors expressed
by capillary endothelial cells (45, 46).
Interaction of VEGF with its receptors
is not only important for promoting
endothelial cell growth and remodeling;
it is also essential for the appropriate
development of alveolar structure (45, 46).
Previous studies have demonstrated that
VEGF therapy with recombinant protein
or adenoviral-delivered gene promotes
angiogenesis and alveolarization in
hyperoxia-exposed neonatal rats (47–49).
Although the exact mechanism by which
LA1 treatment increases VEGF expression
during hyperoxia is unknown, given
that LA1 reduces lung inflammation
and improves alveolar structure under
hyperoxia, we speculate that the increased
VEGF expression in the LA1-treated
hyperoxic group is secondary to reduced
lung epithelial cell injury. The increased
VEGF expression could be beneficial
for improved vascular and alveolar
development.

The Wnt/b-catenin signaling pathway
is a developmentally active pathway that
has been linked to the pathogenesis of
BPD (26, 28, 50, 51). WISP-1 is a target
gene of Wnt/b-catenin signaling that
plays a critical role in lung epithelial to
mesenchymal transition, ventilator-induced
lung injury, and lung fibrosis (52–54). We
have previously shown that hyperoxia
exposure increases WISP-1 expression in
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Figure 5. Effects of LA1 on hyperoxia-induced pulmonary hypertension (PH). Right ventricular
hypertrophy (RVH) (A) and right ventricular systolic pressure (RVSP) (B) were assessed as indices of
PH. Hyperoxia exposure resulted in RVH in placebo-treated rats. Administration of LA1 significantly
decreased RVH during hyperoxia. Hyperoxia also increased RVSP in placebo-exposed rats.
Treatment with LA1 resulted in a slightly decreased RVSP during hyperoxia, but this did not reach
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neonatal rat lungs, and inhibition of Wnt/
b-catenin signaling down-regulates WISP-1
expression and decreases pulmonary
vascular remodeling and PH in these
rats (55). In this study, LA1 treatment
decreased WISP-1 expression in hyperoxia-
exposed lungs, and this may underlay the
effect of LA1 on protecting against
hyperoxia-induced pulmonary vascular
remodeling.

In summary, this study demonstrates
the beneficial effects of LA1 on preventing
the lung inflammatory response,

improving alveolarization and vascular
development, and reducing pulmonary
vascular remodeling and PH in
a hyperoxia-induced experimental model
of BPD. We also showed that LA1 does not
affect the circulating immune cell
response upon hyperoxia exposure. LA1,
a small molecule agonist of leukocyte
surface integrins CD11b/CD18, has thus
far been studied in very few experimental
models of inflammatory disorders. It is
more effective in blocking leukocyte influx
as compared with CD11b/CD18

antibodies (22). Leukocyte influx plays an
important role in lung inflammation,
which is key in the pathogenesis of BPD.
Therefore, LA1 may be used as a novel
therapeutic modality for managing
preterm infants with BPD. However,
future work is needed to explore the exact
mechanisms by which LA1 prevents and
treats experimental BPD and to reveal
the potential side effects. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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